The radiation responses of 4007's from a specific manufacturer with different packaging (i.e., plastic or ceramic) and/or electrical characterization (i.e., high-reliability or JAN) were found to vary significantly. Maintaining bias following irradiation was determined to be important in characterizing the anneal of both Al-and Si-gate inverters.
Introduction
Radiation testing of devices and circuits is often performed at 60Co sources with dose rates in the range from 2 to 2500 rad(Si)/s. 1 The question arises of whether testing performed at a specific dose rate in this range can yield useful information (e.g., failure dose) on device response in either higher dose-rate (nuclear) or lower dose-rate (space) environments.
To address this question, it is necessary to properly take into account the effects of annealing on device response.
Generally, if a device exhibits significant annealing following irradiation, it will require a higher total dose to produce failure when the device is irradiated at a lower dose rate. This effect is particularly useful for space applications, where the simultaneous annealing and radiation charging of a device occur over an extended time frame. Annealing of radiation damage in the low-dose-rate environment may permit the use of a "softer" device to achieve a given total-dose hardness level.
Significant device annealing also has important implications for device operation in higher dose-rate (nuclear) environments.
Once again, simultaneous annealing of the device during irradiation will tend to increase failure dose (relative to no annealing) and will control the time scale of recovery once the radiation terminates.
Unfortunately, the rate of device annealing is extremely process dependent. Some In this paper, we report the threshold-voltage annealing curves of commercial and military 4007 inverters from several different manufacturers, including Si-and Al-gate, in an attempt to determine a range of annealing rates for this structure.
For two of the manufacturers, RCA and Solid State Scientific (SSS), we compare the radiation damage and annealing for different types of the 4007, i.e., commercial plastic, ceramic, and high-reliabiity devices, and JAN devices which conform to all requirements of MIL-STD-38510.
We answer the question of whether predictions can be made for nuclear and space environments from a 60Co irradiation performed at any specific dose rate. 
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The p-channel response for all the inverters was similar. There was a small shift of a few tenths of a volt during irradiation, followed by a very slight decrease in the threshold voltage at later times. This is consistent with the fact that the p-channel is irradiated and anneals under a 0-V bias condition. It is generally thought that differences in device packaging, electrical characterizations required to qualify parts for high-reliability or JAN classifications, and temperature cycling and testing necessary to meet military specifications should not affect the radiation sensitivity of a device. Based on this assumption, radiation testing of high-reliability or ceramic parts, when JAN parts are not available, should yield relevant information on the hardness of a given part. To check this assumption, we compared the radiation hardness and annealing of different types of 4007's from the same manufacturer. These inverters were plastic encapsulated (UBE), fritsealed ceramic (UBF), high reliability (UBF3), and JAN qualified.
These inverters were not from the same lot, but they were all processed at the same facility over an eight-month period. Each Finally, we observed that the JAN part had the greatest shift following irradiation of 1.7 V, while its annealing slope was 0.022 V. Obviously, the radiation response of a high-reliability inverter from SSS does not yield reliable information on the radiation hardness of the JAN part. Although the annealing slopes of these two types of inverters are similar, their threshold shifts following irradiation vary by a factor of 5, with the JAN part being "softer" than the high-reliability part. The p-channel responses for all the inverter types from SSS were similar, displaying a small shift during irradiation followed by essentially no annealing at later times. Fig. 4 , we can illustrate how to extract the constants A and C from the threshold-voltage curve for a typical steady-state 60Co irradiation. In Fig. 4 The slope is different from the annealing "rate," which is the annealing slope normalized to the initial shift following a shortterm irradiation--as a true "rate" it must be a dimensionless quantity reflecting the percentage of recovery from an initial condition. The difference between annealing slope and rate is illustrated in Fig. 5 . This figure shows the radiation damage and annealing for the n-channel of an Si-gate Fairchild inverter irradiated at 49.7 rad(Si)/s to total doses of 2, 15, and 25 krad(Si).
The annealing slopes following these three irradiations are 0.030, 0.221, and 0.352 V, respectively.
These slopes scale closely with the total dose received by the sample. Since the initial threshold shift following irradiation also scales with dose, we see that the annealing rate is the same for all three inverters. In fact, these inverters all anneal back to their preirradiation threshold value in -5 x 10 s. For samples whose shifts are linear with dose, the annealing slopes must be normalized to the initial shift (or total dose) to get a measure of the annealing rate.
An examination of Eq. (1) indeed shows that the value of A is normalized to the total dose y to accurately reflect the annealing rate in its predictions.
The important point in this discussion is that although the annealing slope scales with the total dose, the annealing rate remains constant. In addition, we compare our predictions with 60Co irradiations performed at the higher and lower dose rates.
Predictions were made for the Al-gate National and the Si-gate Fairchild inverter. These inverters were chosen since they had the largest annealing rates and would provide the most stringent test for the theory. In Fig. 6 We have chosen to use the threshold voltage data from the 5.04-rad(Si)/s irradiation (solid triangles) to predict the threshold-voltage data for the higher dose-rate irradiations at 49.7 and 270 rad(Si)/s, as well as for a lower dose-rate irradiation at 0.13 rad(Si)/s.
(However, any data set can be chosen to predict the others.) To apply the theory, a dashed line has been fit to the latetime data points for the 5-rad(Si)/s irradiation, and that line has been extrapolated back to the end of the irradiation at 3000 s.
The slope of the dashed line is the slope of the transient annealing curve A (=0.065 V), and its intercept at 3000 s yields the value C (=1.615 V).
The linear system theory formalism was then used to predict device response for the irradiations at 49.7, 270, and 0.13 rad(Si)/s.
These predictions appear as the solid lines in the figure. We see that the agreement between theory and data for the 49.7-rad(Si)/s irradiation is excellent. The agreement at 270 and 0.13 rad(Si)/s is still very good, although the predictions underestimate the actual thresholdvoltage shifts by approximately 5 to 10 percent. This difference is within the uncertainties of the dosimetry.
It is interesting to note that many of the features of the radiation-induced threshold shift and its anneal that were discussed in relation to Fig. 4 are demonstrated by these data. Namely, the data for the 49.7-, 5.04-, and 0.13-rad(Si)/s irradiations were all to total doses of =15 krad(Si) (This is a "necessary" condition for the linear system theory approach to work.) Our fit to the threshold voltage data for the 5.04-rad(Si)/s irradiation (dashed line) yields a value of A equal to 0.404 V and a value of C equal to 2.052 V at 6000 s. The predictions for the threshold-voltage shifts at 49.7, 270, and 0.19 rad(Si)/s are the solid lines in the figure.
The agreement between theory and data is excellent at all dose rates. The ability of the theory to predict device response for this inverter over three orders of magnitude in dose rate is truly impressive, considering the high annealing rate of the inverter.
An important feature of this approach is the ability to predict the failure dose for a device at different dose rates. Devices are considered to be in a failed state when the n-channel threshold voltage goes negative (depletion mode). In Fig. 8 we have plotted the failure doses for the data sets shown in Figs. 6 In Fig. 9 , we examine the effects of maintaining bias following irradiation on the long-term anneal of Al-gate RCA and Si-gate Fairchild inverters. These inverters were irradiated at 49.7 rad(Si)/s to a total dose of -15 krad(Si) with VDD=VGS=+10 V.
When the radiation ends at 3000 s, one device of each type is maintained under bias while the other is unbiased, i.e., VGS = 0 V, VDD = 10 V. We observe that both the biased and unbiased inverters follow a linear-with-ln(t) anneal as described by Eq. (1) .
However, the annealing slope of the Algate RCA inverter is reduced from 0.087 to 0.061 V, a 30-percent decrease, while the annealing slope of the Fairchild Si-gate device is reduced from 0.221 to 0.096 V, a 57-percent decrease.
The fact that removing bias has a more dramatic effect on the Sigate device is not surprising, since interface states appear to play an important role in the high annealing rate observed for these inverters (see discussion of Fig. 1, section 2A Fig. 7 would generally indicate that these inverters have survived, and give no clue that these inverters had failed at earlier times. It would also be impossible to predict the huge increase in failure dose (Fig. 8) as the dose rate is decreased.
To properly take the effects of annealing into account, it is necessary to make measurements over at least a couple of decades in time following irradiation.
The data in Figs. 6 and 7 indicate that from two measurements, at 1 hr and 1 day following irradiation, we can determine a reasonably accurate value for the annealing slope A. The value of C to use in the linear system theory formalism can then be obtained using the procedures discussed in connection with Fig. 4 . Obviously, more confidence is gained in the annealing curve as the number of measurements is increased and the time range is extended, especially to later times where one can be assured of being on the transient annealing curve.
C. Dose-Enhancement Effects and Pb-Al Shields
To obtain measurements over a wide range of dose rates, irradiations were performed using the 60Co source pencils in both "in-air" and "in-pool" configurations (see section 2, Samples and Experimental Techniques).
We irradiated the Fairchild Si-gate inverters in all possible 60Co source configurations, as well as with and without a 63-mil-Pb 125-mil-Al shield whose purpose was to filter out lowenergy radiation.
For these specific inverters, which were plastic encapsulated, we found that the threshold-voltage shift was only dependent on total dose.
In making this comparison, exposure times were adjusted to reflect the reduction in dose caused by the shield, and corrections were made for the effects of annealing on device response caused by varying exposure times. Irradiations were performed with and without a Pb-Al shield to filter out low energy radiation.
However, when we irradiated several ceramicencapsulated devices using the 60Co source in the pool and separated from the sample by 20 in. of water, we observed unexpectedly large threshold-4332 voltage shifts. These samples were then irradiated inside our Pb-Al shield. Figure 10 bias plays an important role in characterizing the anneal of these inverters, especially for the Sigate inverters where interface states contribute to the anneal.
Finally, we observed dose-enhancement effects for some irradiations in the 60Co pool when 20 in. of water separated source and sample. These effects were significantly reduced by the use of a Pb-Al shield to filter out low-energy radiation.
